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Using geometries optimized at the (U)B3LYP/6-31G(d) level, ab initio modern valence bond calculations are
used to quantify directly the relative importance of aromatic, diradical, and bisallyl contributions to the transition
states of gas-phase Cope rearrangements of 1,5-hexadiene and various cyano derivatives. The main effect on
the character of the transition state of substituting radical-stabilizing cyano groups is found to be indirect, via
the geometry, with shorter interallyl separations favoring diradical character and larger ones favoring
aromaticity. In the case of the parent Cope reaction, the weights of the aromatic and diradical components
are comparable at the transition state. We find that bisallyl character only becomes important for transition

states with rather large interallyl separations.

Introduction Ry, around 1.6 A, but this is not reproduced by higher level
calculations. Borden and Davidsbidentified the Cope re-
arrangement as a system for which even qualitatively meaningful
results required the inclusion of dynamic correlation.

The shortcomings of various wave functions and basis sets
for the description of the Cope rearrangement of (substituted)

The Cope rearrangement of 1,5-hexadiene is the thermally
allowed [3,3]-sigmatropic rearrangement that might convention-
ally be represented by the scheme

1 2 3 1 2 3 1,5-hexadiene have been discussed by Staroverov and David-
son® Those authors found good agreement between experimen-

= $Th hors found good b i

e tal and CASPT2N results. For@p, cut through the potential-
energy hypersurface, varying the interallyl distance, the same
6 ’)/ 4 6\ 4 authors found that the extent of the diradical character, as
5 5 measured by the density of effectively unpaired electrons, tends

to a minimum near the T&!:17Their DFT calculations located

in which the curly arrows signify the supposed movement of chairlike Cy, (or Cs) saddle points for various substitution
electron pairs, and we have added a convenient numberingpatterns, with activation enthalpies that are in good agreement
scheme for the carbon atoms. There has been a great deal oWith values derived from experiment (see particularly ref 6 and
theoretical and experimental work to determine the actual references therein). Unfortunately, unrestricted DFT calculations
mechanisni; 2! including various suggestions that it might tend to produce spurious intermediates at short interallyl
involve consecutive steps via a diradical intermediate. The separations, typically around 8.7 A, that cannot be found
consensus now is that the reaction actually proceeds through eby means of appropriate spin-restricted calculatfotis.
chairlike Cz, transition state, in which the bond-breaking and  The effect of substituents on the nature of the TS has been
bond-making processes are simultaneous. studied extensivel§®1213.1618.21 |n particular, Doering and

The transition state (TS) lies on a relatively flat potential- Wang318 described two general types of transition region,
energy hypersurface, such that the inclusion of dynamic electrondepending on the substituents at the four “active” (C1, C3, C4,
correlation is essential in order to obtain a reliable geometry. and C6) positions and on those at the two “nodal” (C2 and C5)
The latter is especially important because of the sensitivity of positions. In their “chameleonic” model, radical-stabilizing
the nature of the TS to the interallyl distance. Calculations at perturbations at the active positions shift the lowest-energy
just the “six electrons in six orbitals” CASSCF level, which chairlike Cs TS toward two noninteracting allyl radicals, whereas

we denote CAS(6,6), suggest an “aromatic” TS with a-Cb radical-stabilizing perturbations at the nodal positions shift it
separation oy ~ 2.2 A, which is rather too large. Instead, toward a cyclohexane-1,4-diyl diradical. The chameleonic model
higher-level calculations indicate valuesRifin the vicinity of is meant to apply when the two allyl moieties contain substit-

1.9 A. Probably the most reliable value Bf, 1.902 A, comes  uents of the same type, so that the stabilization effects can in
from the extended-basis highly correlated treatments reportedprinciple act cooperatively. On the other hand, in the case of
by Ventura and coautho?8 Calculations at the CAS(6,6) level  competitive or conflicting effects, arising from different types
suggest also a stable cyclohexane-1,4-diyl intermediate at shoriof substituent in the two allyl moieties, the “centauric” model
is meant to be more appropriate, with a transition region
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via DFT calculations that energetic effects, as well as geo- of the restricted type, with®(l= 0, just as was reported in ref
metrical effects, are cooperative in the chameleonic model and17, and so we may label these results simply as B3LYP/6-31G-
competitive in the centauric model. Staroverov and Davigison  (d). We carried out stability analysésin order to gain a better
examined the effects of cyano substitution using an isodesmicunderstanding of the interplay between restricted and unre-
reaction approach and found that cyano groups at C1, C3, andstricted solutions, and found that the restricted B3LYP/6-31G-
C5 provide a nearly additive stabilization of each point along (d) wave functions for all four systems, 1,5-H, 2,5-DCH, 1,3,5-
the Cs cut but with a competitive effect on the geometry. By TCH, and 1,3,4,6-TeCH, are singlet stable at the TS geometries.
use of the density of effectively unpaired electrons, they showed Additionally, the B3LYP/6-31G(d) TS wave functions for 1,5-
that the radical character of the TS is not significantly altered H, 1,3,5-TCH, and 1,3,4,6-TeCH were also found to be triplet
by the presence of radical-stabilizing substituents but that it stable, in keeping with the observation that UB3LYP/6-31G(d)
depends instead mostly on the interallyl distance. This stressesgeometry optimizations converge to restricted wave functions.
once again, the overwhelming importance of the interallyl However, we observed triplet instability of the B3LYP/6-31G-
distance, which can be seriously overestimated by approacheqd) solution for the TS of 2,5-DCH,; this is, of course, closely
such as CAS(6,6) that do not take proper account of dynamic related to the previously mentioned absence of a TS on the
correlation. On the other hand, provided that TS geometries areUB3LYP/6-31G(d) potential-energy surface, and it also suggests
determined at a suitable higher level of theory, it turns out to that a more accurate geometry optimization of the TS for the
be meaningful to examine information derived from CAS(6,6) Cope rearrangement of 2,5-DCH may require a much higher

calculations carried out in the general vicinity of the 58.17 level of theory.
The same would not be true of analysis carried out at the VB calculations were carried out at the optimized TS
geometries derived from CAS(6,6) calculations. geometries, within the 6-31G basis set. In the present work, we

The present study follows closely from the work by Staroverov use spin-coupled (SC) wave functions based on a single spatial
and Davidsor$;1617in which they considered the parent 1,5- configuration consisting ol fully optimized, nonorthogonal,
hexadiene system as well as various multiply substituted cyanoone-electron “active” orbitalg,, together with a set af fully
derivatives that might provide good examples for the chame- optimized, orthogonal, doubly occupied “inactive” orbitgks
leonic and centauric models. We use much the same level of Whereas the orbitals in classical VB approaches are typically
theory for optimizing the transition-state structures but then use restricted to be rather localized, by expanding each of them only
ab initio valence bond (VB) calculations to obtaitirectly in basis functions located on a particular atomic center, no such
quantitative information about the relative importance of dif- restrictions were imposed here on any of the orbitals (active or
ferent structures and, especially, the key modes of spin coupling.inactive). It is usual to use the appellation “modern” valence
Previous work has in general tended to infer this type of bond when orbitals are entirely free to deform toward, and to
information from other observations. We employ so-called delocalize onto, other centers. For each system, the SC(6) wave
modern VB wave functions which, in the present case, are function takes the forf§
essentially of CAS(6,6) quality. "

An alternative strategy could be to re-express CAS(6,6) wave W= A((,l_l $ioB)( |_| ‘P,u)@gwb
functions in the basis of orbitals localized according to the Boys I=1n #=LN
criterion, such as in CiLC (configuration interaction, localized in which the active-space spin functio®S, for N = 6
molecular orbital, CASSCF) studiésVery recently, Blancafort  gjectrons, with total spirS = 0 and projectionM = 0, is
et al?2 have also reported results based on localized orbitals

_ _ , »expanded in the full spin spa€eof S = 5 functions®S,
analyzing a CAS(6,6) wave function for the 1,5-hexadiene TS :

by means of the elements of an appropriate spin-exchange fy
matrix. Of course, it is crucial that any such analysis be carried @E‘M = Z‘ CSk@ng
out with appropriate interallyl separations rather than with those =

derived only from CAS(6,6) geometry optimizations. . ) )
The variational parameters, namely the spin-coupling coef-

ficients Csy and the coefficients of the activey() and inactive

(¢1) orbitals in the underlying 6-31G basis set, are optimized
Following the work of Staroverov and Davidsbt:17 we simultaneously. As has been well documented, such very

optimized TS geometries for 1,5-hexadiene (1,5-H), 1,3,5- compact SC(6) wave functions should be only very slightly

tricyano-1,5-hexadiene (1,3,5-TCH), and 1,3,4,6-tetracyano-1,5-inferior to the corresponding CAS(6,6) description but they are,

hexadiene (1,3,4,6-TeCH) at the UB3LYP level (unrestricted of course, a great deal simpler to interpret directly in terms of

DFT with the popular B3LYP hybr## functional) using alarge  familiar chemical concepts.

integration grid consisting of 99 radial shells and 974 angular  The SC(6) calculations presented here were performed using

points per shell and with the 6-31G(d) basis set. We carried a version of our cod& which works in the Kotani spin basié2°

out analogous calculations for 2,5-dicyano-1,5-hexadiene (2,5- Of course, it is more convenient for discussions of changes in

DCH) at the B3LYP/6-31G(d) level because it has been shown the active-space spin-coupling patterns of these systems to

that the TS only exists on the spin-restricted potential-energy transform instead to the Rumer ba&ig® The (exact) intercon-

hypersurfacéd” The TS geometries, which met the tight version between different bases of spin eigenfunctions was

convergence criteria for optimizations with Gaussiar?98ere carried out through a specialized code for symbolic generation

confirmed via analytical Hessians as first-order saddle points and manipulation of spin eigenfunctions, SPINSThe five

on the corresponding energy hypersurfaces. It is true that DFT linearly independent Rumer function@go;k, which span the

calculations with hybrid functionals can lead to spurious minima complete space for six electrons coupled to an overall singlet,

for sigmatropic rearrangemerft&’ but we are dealing here only  are identified in Figure 1. Rumer functions= (1—2, 3—4,

with the TS geometries. 5-6) and 4= (1—6, 2—3, 4-5) are, of course, reminiscent of
The final UB3LYP/6-31G(d) wave functions for the 1,5-H, the traditional Kekulestructures for benzene, and they account

1,3,5-TCH, and 1,3,4,6-TeCH TSs were in fact observed to be for the “aromatic” character. The three remaining Rumer

Computational Procedure
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Figure 1. Rumer spin eigenfunctions included in the active-space spin-
coupling patterr®2’.

functions correspond to Dewar-like structures. More specifically,
it is the function 5= (1—-6, 2—5, 3—4) which describes the
“diradical” component, whereas the functionss1—4, 2—3,
5—6) and 3= (1—2, 3—6, 4-5) correspond to the “bisallyl”
character. It is thus by examining the total spin function,
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parameters of Hrovat and coauthé<ur interallyl distance,
as measured by the €6 separation oR; = 1.9661 A, is of
course the same as that reported by Staroverov and Daiéison.
The key features of the active orbitals from SC(6)/6-31G
calculations at this geometry can be seen from Figure 2b.
Although no such restrictions were imposed during the calcula-
tions, we observe that the final SC orbitals, which are a unique
outcome of the optimization procedure, are fairly localized and
permute into one another under symmetry operations of the
molecular point group. For each system where this occurs, we
have numbered the orbitals in a consistent fashion according to
the carbon atoms with which they are mostly associated such
that (running clockwisey 1, v¥», andys are in one allyl moiety
andi4, s, andiye are in the other.

The high symmetry means that this particular system has just
two symmetry-unique SC orbitals (e.g:; andy,), and this is
of course reflected in the matrix of SC orbital overlap integrals,
given in Table 1, which features many repeated values. These
quantities will be discussed later. Orbitajs, and ys (and
similarly s and y4) correspond to the forming/breaking
carbon-carbono bonds. Orbitaly, (or similarly ys) is located
on the central carbon atom of one of the allyl moieties and
participates in the synchronousbond breaking andr bond

expressed in the Rumer basis, that we can obtain directly Making processes that also involve orbitgisand s (or 14
guantitative information about the actual relative importance ande).

of the aromatic, diradical, and bisallyl contributions.

The Chirgwin-Coulson PL°) weights of the Rumer spin

One of the simplest and most widely used schemes for functions included in the SC(6) active-space spin-coupling
assessing the importance of particular modes of spin coupling patte:rn(agO are given in Table 2. The two KeKulike modes

within the total spin function is the one due to Chirgwin and
Coulson32 Simply by restricting one of the summations in the
normalization condition for the total spin function, Chirgwin
Coulson weight$S© may be defined according to

f§

PEC = Cg Z Cs(S

in which Sy = [0, /0%, One disadvantage of this
approach is that although the weights must add to unity,
individual values OPEC are not guaranteed to lie in the range

0—1. Even though this proved not to be a problem in the present
work, we chose also to examine weights defined according to

the inverse-overlap scheme of Gallup and Norbétk
W = (Co?(S i

Simple rescaling of these{™ quantities, so as to have a sum
of unity, gives the required GallugNorbeck weightstN,
each of which is restricted to the range D Chirgwin—Coulson
weights (unlike those from the GallagNorbeck scheme) are
linear, in the sense that the total weight of (say) the “aromatic”
component is simply the sum of the corresponding weights for
Rumer functions 1 and 4.

We also carried out SC calculations for 1,5-hexadiene using Rq in Figure 3 where, as before, *

have equal weights by symmetry, of 0.21, so that the total
“aromatic” weight is 0.42. However, the largest single compo-
nent, due to the final Rumer function, corresponds to a
“diradical” weight of 0.46. The total weight of the minority,
bisallyl, contribution is just 0.12. Contrary to some expectations
of a predominantly aromatic TS, we find roughly equal aromatic
and diradical components in the SC(6) wave function.

As shown in Table 2, the GallugNorbeck weights I?kGN)
for the individual Rumer functions suggest a much greater
preponderance of the diradical mode. On the whole, though,
values ofPEN do tend to show a strong bias toward the largest
contributor to the total spin function. Nevertheless, the high
value ofPSN does suggest that the relatively high Chirgwin
Coulson weight for this “diradical” mode is not some sort of
artifact of the Chirgwin-Coulson scheme.

As mentioned earlier, it is the interallyl distandg;) that
plays a key role in determining the character of the TS. So, to
investigate the influence &% on the active-space spin-coupling
pattern, we performed a series of SC(6)/6-31G calculations at
TS geometries fully optimized at different levels of theory (but
always with the same 6-31G(d) basis set). The methods
employed, with the corresponding valueRyfin brackets, were
MP2(Full) (1.783 A), MP4(Full, SDQ) (1.858 A), QCISD(Full)
(1.871 A), B3LYP (1.966 A), and CAS(6,6) (2.192 A). The
resulting total Chirgwir-Coulson weights are plotted against
aromatic” labels the combina-

the 6-31G(d) basis set. We found that the differences in the ;jo, 1 = (1-2, 3-4, 5-6) plus 4= (1-6, 2—3, 4-5)

orbital plots, overlap integrals, and spin-function weights were
sufficiently small that the 6-31G basis should be sufficient for
our present purposes.

Results and Discussion

The Cope Rearrangement of 1,5-HOur B3LYP/6-31G(d)
geometry for the lowest-energy chairlik&, TS in the Cope
rearrangement of 1,5-H is shown in Figure 2a, together with
the corresponding very similar B3LYP/6-31G(d) structural

diradical” signifies 5= (1—6, 2—5, 3—4), and “bisallyl” relates

to the minority component, 2 (1-4, 2-3, 5-6) plus 3=
(1—2, 3—-6, 4-5). Drawing smooth curves through these points
would require data for further geometries, but the general form
of the dependence oR; is already sulfficiently clear. For the
shortest value oR; considered here, it is the diradical character
that dominates, with a weight of 0.64. A% increases, the
aromatic character increases at the expense of the singlet
diradical component. At the (preferred) geometry from the
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1.965 (i)

1.4077 (1)
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(i) current work
(i) Hrovat et al.
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Figure 2. (a) B3LYP/6-31G(d) geometry for the gas-phase TS of the Cope rearrangement of 1,5-hexadiene, with bond lengths in angstroms,
angles in degrees. (b) Active orbitals from SC(6)/6-31G calculations at this geometry; three-dimensional isovalue surfaces corresppmding to
+0.1 were drawn from the virtual reality modeling language files produced by MOLBEN.

B3LYP calculation, these two components have approximately parent reaction is preserved, due to the positions of the
equal weights. For still larger values Bf, beyond 2 A, it is substituent sites. The active orbitals from the SC(6)/6-31G wave
the aromatic character that increasingly dominates. For the function are illustrated in Figure 4b, and the SC overlap integrals
unrealistically large value d&; obtained at the CAS(6,6) level, between these orbitals are reported in Table 1. For the most
we find that the aromatic combination strongly dominates the part, the orbitals are very similar to those for the unsubstituted
total spin function, with a weight of 0.80. The total weight of system. As before, orbitalg; and s (and similarlyy; and
the minority “bisallyl” component never exceeds 0.15 over this 4) correspond to the forming/breaking carbararbono bonds.
range ofRy. The corresponding overlap integrals are slightly higher than
The Cope Rearrangement of 2,5-DCHThe cyano substit-  before, 0.78 as opposed to 0.74, presumably due in large part
uents in this system are located at the nodal positions in theto the shorter separations. It is the overlap integyalys[)
two allyl moieties, and so the expectation from the chameleonic involving the orbitals associated with the central atoms of the
model318 s of a transition region that is shifted toward the two allyl moieties, which shows the largest change, decreasing
cyclohexadiyl extreme. If this is indeed correct, then the SC(6) in absolute value from 0.41 for the parent reaction to 0.25 in
calculations should show a larger weight for the Rumer spin this case, despite the shorter distance.
function 5= (1-6, 2-5, 3—4). On the whole, the differences in the orbital descriptions due
The B3LYP/6-31G(d)-optimized gas-phaSg TS geometry to the cyano substitution appear to be fairly modest. The same
is shown in Figure 4a and features a rather short interallyl is certainly not true of the active-space spin-coupling pattern,
distance of 1.75 A, as anticipated. The symmetry present in theas can be seen from the Chirgwi@oulson Pffc) and Gal-
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TABLE 1: Overlap Integrals [,|y,Obetween the Active
Orbitals from SC(6)/6-31G Wave Functions Calculated at
the B3LYP/6-31G(d)-Optimized Gas-phase TS Geometries
for the Cope Rearrangements of 1,5-H, 2,5-DCH, and
1,3,5-TCH

Y1 P2 Y3 P4 Ps Yo
1,5-H
Y1 1 0.287 0.134 0.141 0.101 0.739
P2 0.287 1 0.287 0.101 —-0.414 0.101
Y3 0.134 0.287 1 0.739 0.101 0.141
Pa 0.141 0.101 0.739 1 0.287 0.134
Ps 0.101 -—-0.414 0.101 0.287 1 0.287
Ve 0.739 0.101 0.141 0.134 0.287 1
2,5-DCH
Y1 1 0.277 0.093 0.090 0.143 0.782
P2 0.277 1 0.277 0.143 —0.247 0.143
Y3 0.093 0.277 1 0.782 0.143 0.090
Pa 0.090 0.143 0.782 1 0.277 0.093
Ps 0.143 —0.247 0.143 0.277 1 0.277
Ve 0.782 0.143 0.090 0.093 0.277 1
1,3,5-TCH

Y1 1 0.503 0.023 —-0.091 0.046 0.559
P2 0.503 1 0.503 0.143 —-0.100 0.143
Y3 0.023 0.503 1 0.559 0.046 —0.091
s —0.091 0.143 0.559 1 0.506 0.108
Ps 0.046 —0.100 0.046 0.506 1 0.506
Ye 0.559 0.143 —0.091 0.108 0.506 1

a A consistent numbering scheme, as described in the text, is used

for each system.

TABLE 2: Chirgwin —Coulson ;%) and Gallup—Norbeck
(PEMy Weights of the Rumer Spin Functions Included in the

Active-Space Spin-Coupling Patternﬁ)go for the B3LYP/
6-31G(d)-Optimized Gas-phase TS Geometries for the Cope
Rearrangement of 1,5-H, 2,5-DCH, and 1,3,5-TCH

1,5-H 2,5-DCH 1,3,5-TCH

CC
Pk

0.2083
0.0633
0.0633
0.2083
0.4569

GN
Pk

0.1430
0.0303
0.0303
0.1430
0.6533

CC
Pk

0.1280
0.0107
0.0107
0.1280
0.7227

GN
Pk

0.0468
0.0010
0.0010
0.0468
0.9042

CC GN
Pk Pk

0.4020 0.4619
0.0469 0.0127
0.0469 0.0127
0.4020 0.4619
0.1021 0.0509

Rumer function

(1-2, 3-4,5-6)
(1-4, 2-3,5-6)
(1-2, 3-6, 4-5)
(1-6, 2-3, 4-5)
(1-6, 2-5, 3-4)

O WOWNER| X

lup—Norbeck PSM) weights collected in Table 2. The Chirg-
win—Coulson weight of the diradical component has increased
from 0.46 to 0.73, with the corresponding total aromatic weight
decreasing from 0.42 to 0.25. The total weight of the minority
“bisallyl” component is now almost negligible. Comparison to
Figure 3 shows that the weights of the Rumer spin functions
for the TS of 2,5-DCH are fairly similar to the corresponding
values for the parent reaction, if the TS had the same value o
R;. Our various observations from the SC(6) calculations
certainly support the assertion of Staroverov and Davitison
that the diradical character of the TS for 2,5-DCH is much more
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Figure 3. Composition of the active-space spin-coupling pat@@g

at different TS geometries for the Cope rearrangement of 1,5-H.
“Aromatic” labels the total ChirgwirrCoulson weight of the combina-
tion 1= (1-2, 3—4, 5-6) plus 4= (1-6, 2—3, 4-5), “diradical”
signifies the corresponding weight of & (1-6, 2-5, 3—4), and
“bisallyl’ relates to the minority component=2 (1—4, 2—3, 5-6) plus
3=(1-2, 3-6, 4-5).

reduction of symmetry of the lowest-energy chairlike TSto

in this instance.

The active orbitals of the SC(6)/6-31G wave function
calculated at this geometry are shown in Figure 5b. Orbitals
andy s, which are symmetry equivalent due to the mirror plane,
are located on the 1,3-dicyano fragment and closely resemble
the orbitals for the other cases we have discussed. Orhitals
andys, which are also related to one another by reflection, are
located on the allyl fragment with the single cyano group, and
exhibit pronounced distortions toward the central orbital on that
fragment,ys. Because of the reduced symmetry of the system,
there are no further symmetry relations between the orbitals,
and this leads to many more unique overlap integrals, as reported
in Table 1. For the other systems considered, the overlap
integrals in the forming/breaking carbeoarbon ¢ bonds,
[p1|yeCand @pslyp4l) exceeded 0.7. In 1,3,5-TCH, these values
have dropped significantly to 0.56, which is not very different
from the nearest-neighbor overlafg, |20 @2 sl Woa|wsl]
and@s|yellwhich are all close to 0.5. The corresponding values
for 1,5-H and 2,5-DCH were approximately 0.3. Thus, compared
to the other systems, 1,3,5-TCH appears to show a significant
move toward equalization of nearest-neighbor overlaps. Such
observations are the first hint of increased aromatic character

fin the TS for this system. For confirmation we need to look, of

course, at the coupling of the electron spins.

Chirgwin—Coulson P{% and Gallup-Norbeck £
weights of the Rumer spin functions included in the active-

dependent on the interallyl distance than on the presence ofspace spin-coupling pattefyq, are given in Table 2. The two

radical-stabilizing substituents.
The Cope Rearrangement of 1,3,5-TCHIn view of the
different substitution patterns in the two allyl moieties, the

symmetry-equivalent Kekllenodes give a total “aromatic”
Chirgwin—Coulson weight of 0.80, whereas the corresponding
value for the “diradical” component is now just 0.10. The two

centauric model is expected to be more appropriate than theremaining “bisallyl” modes account for the remaining 0.09. The

chameleonic on&*18 The substituents at the active positions
C1 and C3 should push the TS region toward the bisallyl

spin function weights, taken together with the form of the active
orbitals and the overlaps between them, suggest that the Cope

extreme, whereas the cyano group at the C5 nodal positionrearrangement of 1,3,5-TCH passes through a TS that can be

should pull it toward the cyclohexadiyl region. The B3LYP/6-

31G(d)-optimized gas-phase TS geometry for the Cope rear-

considered to be strongly aromatic, with benzene-style resonance
between two Kekuleype Rumer spin functions.

rangement of 1,3,5-TCH is shown in Figure 5a and features a Of course, in line with the notion that the radical character
fairly large interallyl separation of 2.11 A, as expected. Because of the TS is not much altered by the presence of radical-

of the asymmetric pattern of substitution, there is an obvious

stabilizing substituents, but depends mainly on the interallyl
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Figure 4. (a) B3LYP/6-31G(d) geometry for the gas-phase TS of the Cope rearrangement of 2,5-dicyano-1,5-hexadiene, with bond lengths in

angstroms and angles in degrees. (b) Active orbitals from SC(6)/6-31G calculations at this geometry, represented in the same fashion as in Figure
2.

distance!’ the separation of 2.11 A for 1,3,5-TCH should moiety. This is confirmed by examining the corresponding SC
indeed result in much more aromatic character than for 1,5-H overlap integrals (see Table 3) and the active-space spin
and 2,5-DCH. function, which is dominated by almost exactly triplet coupling
The Cope Rearrangement of 1,3,4,6-TeCHThis system of the spins associated with, andi; as well as withys and
features equivalent substitution in the two allyl moieties, with s Such a solution arises due to the very large interallyl
all of the cyano groups located in the active positions. According separation of 2.467 A. We note that an analogous antipair SC(6)
to the chameleonic modétl8 we can expect a strong bias solution was obtainéd for the Cope rearrangement of 1,5-H
toward the extreme of two noninteracting allyl radicals. when examining the higher-energ®,, “boat” TS at the
The lowest-energy “chair” B3LYP/6-31G(d)-optimized TS geometry predicted at just the CAS(6,6)/6-31G(d) lewl£
geometry for the gas-phase Cope rearrangement of 1,3,4,6-TeCH.545 A). However, higher-level calculations on the “boat” TS
is shown in Figure 6a, and the corresponding active orbitals for the 1,5-H rearrangement again indicate a somewhat shorter
from the SC(6)/6-31G wave function are displayed in Figure interallyl distanc€,?° with probably the most reliable estimate
6b. Analogous calculations on the isolated allyl raditgield being 2.193 A0 at which the antipair description is unlikely to
SC orbitals that resemble in- and out-of-phase combinations of present a viable alternative to the solution with localized orbitals.
deformedp, functions on the terminal carbon atoms, with the
corresponding spins approximately triplet coupled. Such a symmary and Conclusions
description has been labeled an “antipair soluti#f®® The
remaining valencer orbital in the allyl radical is mostly By use of gas-phase transition-state geometries for the Cope
associated with the central carbon atom. It is clear from Figure rearrangements of 1,5-H and of various cyano derivatives, taken
6b that the shapes of the active orbitals for the TS of 1,3,4,6- from appropriate B3LYP/6-31G(d) optimizations, ab initio
TeCH correspond essentially to antipair solutions in each allyl modern VB calculations have been used to quantify directly
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Figure 5. (a) B3LYP/6-31G(d) geometry for the gas-phase TS of the Cope rearrangement of 1,3,5-tricyano-1,5-hexadiene, with bond lengths in
angstroms and angles in degrees. (b) Active orbitals from SC(6)/6-31G calculations at this geometry, represented in the same fashion as in Figure
2.

the relative importance of aromatic, diradical, and bisallyl Contrary to expectations in some of the literature, we find
contributions. Further information is provided by the forms of that the TS for the parent reaction is not predominantly aromatic.
the active-space orbitals and, in particular, by the overlaps Instead, the interallyl separation of ca. 1.97 A is in the region
between them. Of course, similar analysis performed at geom-for which the weights of the aromatic and diradical components
etries taken from CAS(6,6) optimizations would not have been are almost equal. The somewhat shorter separation for the 2,5-
meaningful because of the particular sensitivity of the potential- DCH TS (ca. 1.75 A) is reflected in a large increase in the
energy hypersurfaces to the inclusion of dynamic electron weight of the diradical character at the expense of the aromatic
correlation. modes.

The chameleonic TS of 2,5-DCH features a somewhat shorter The larger interallyl separation of ca. 2.11 A in the case of
interallyl distance than does the parent reaction, but the shapeghe TS for 1,3,5-tricyano-1,5-hexadiene is reflected in significant
of the active SC orbitals turn out to be rather similar. In terms equalization of nearest-neighbor active-orbital overlaps, includ-
of overlap integrals, the largest change isgn|ysL] involving ing those for the forming/breaking carbecarbono bonds. This
the orbitals associated with the central atoms of the two allyl is accompanied by a large increase in the total weight of the
moieties; this shows a significant decrease in absolute value,aromatic active-space spin-coupling component, which becomes
despite the shorter distance. We attribute this behavior to thedominant.
effect of the electron-withdrawing cyano groups attached to the It is clear from results for these systems that the main effect
carbons hostingy, ands. on the character of the TS of substituting radical-stabilizing
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Figure 6. (a) B3LYP/6-31G(d) geometry for the gas-phase TS of the Cope rearrangement of 1,3,4,6-tetracyano-1,5-hexadiene, with bond lengths
in angstroms and angles in degrees. (b) Active orbitals from SC(6)/6-31G calculations at this geometry, represented in the same fashion as in Figure
2.

TABLE 3: Overlap Integrals [@,|y,Obetween the Active Changes in the TS interallyl distance between 1.75 and 2.2 A,
(?]rbltals fro/m SC(G&/6-31,G Wa&/e Funcﬁlons Calculated at whether due to cyano substitution or (artificially) by changing
the B3LYP/6-31G(d)-Optimized Gas-phase TS Geometries the level of theory, leads mostly to a gradual switch between

for the C R t of 1,3,4,6-TeCH T ; . ;
or the »-ope rearrangemen o © the diradical and aromatic character. The weight of the bisallyl

Y1 Y2 Y3 Ya Ys Yo component does become slightly more important for the larger
P 1 0.730 0.000 -0.113 -—0.147 0.000 interallyl distances in this range, but it still remains fairly small.
P2 0.730 1 0.000 —0.147 —0.248 0.000 Only for the much larger distance of ca. 2.47 A in the case of
V3 0.000 0000 1 0.000 0.000  0.505 1,3,4,6-tetracyano-1,5-hexadiene did we observe a significant
ys —0.113 —0.147 0.000 1 0.730 0.000 ; N . .
ws —0147 —0.248 0.000 0.730 1 0.000 bisallyl contribution. This large-separation case turns out to have
Ve 0.000 0.000 0.505 0.000 0.000 1 predominantly bisallyl spin character, alongside an orbital

. - description that resembles that of two separate allyl radicals.
aThe orbitals are numbered as shown in Figure 6. P P y

cyano groups is in fact indirect via the geometry. In essence, References and Notes

short interallyl separations favor diradical ch_ara_cter and larger (1) Borden, W. T.: Loncharich, R. J.: Houk, K. Mnnu. Re. Phys.
ones favor aromaticity. Further support for this simple observa- cpen198s 39 213.

tion comes from f”malyz"?g .the 1,5-H ?Ct've'Space spin functions (2) Rhoads, SMolecular Rearrangement§Viley: New York, 1963;
for TS geometries optimized at different levels of theory. Vvol. 1.



202 J. Phys. Chem. A, Vol. 108, No. 1, 2004

(3) Gajewski, JHydrocarbon Thermal Isomerization&cademic: New
York, 1981.
(4) Dewar, M. J. S.; Jie, CAcc. Chem. Red992 25, 537.
(5) Wiest, O.; Montiel, D. C.; Houk, K. NJ. Phys. Chem. A997,
101, 8378.
(6) Staroverov, V. N.; Davidson, E. RHEOCHEM2001, 573 81.
Staroverov, V. N.; Davidson, E. RHEOCHEM?2002 617, 225.
(7) Hrovat, D. A.; Morokuma, K.; Borden, W. . Am. Chem. Soc.
1994 116, 1072.
(8) Kozlowski, P. M.; Dupuis, M.; Davidson, E. R. Am. Chem. Soc.
1995 117, 774.
(9) Borden, W. T.; Davidson, E. RAcc. Chem. Red.996 29, 67.
(10) Gajewski, J. J.; Conrad, N. D. Am. Chem. Sod979 101, 6693.
(11) Davidson, E. RJ. Phys. Chem1996 100, 6161.
(12) Hrovat, D. A.; Beno, B. R.; Lange, H.; Yoo, H.-Y.; Houk, K. N.;
Borden, W. T.J. Am. Chem. S0d.999 121, 10529.
(13) Doering, W. v. E.; Wang, YJ. Am. Chem. S0d999 121, 10112.
(14) Hrovat, D. A.; Morokuma, K.; Borden, W. T. Am. Chem. Soc.
1994 116, 1072.
(15) Kozlowski, P. M.; Dupuis, M.; Davidson, E. R. Am. Chem. Soc.
1995 117, 774.
(16) Staroverov, V. N.; Davidson, E. R. Am. Chem. SoQ00Q 122,
186.
(17) Staroverov, V. N.; Davidson, E. R. Am. Chem. So00Q 122
7377.
(18) Doering, W. v. E.; Wang, YJ. Am. Chem. S0d999 121, 10967.
(19) Oliva, J. M.; Gerratt, J.; Karadakov, P. B.; Cooper, D. L.
Unpublished work. Oliva, J. MTheor. Chem. Accl999 103 1.
(20) Ventura, E.; do Monte, S. A.; Dallos, M.; Lischka, Bl. Phys.
Chem. A2003 107, 1175.
(21) Sakai, STHEOCHEM2002 583 181.
(22) Blancafort, LI.; Celani, P.; Bearpark, M. J.; Robb, M. PFheor.
Chem. Acc2003 110, 92.
(23) Becke, A. D.J. Chem. Phys1993 98, 1372.
(24) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr,;
Stratmann, R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A.

Blavins et al.

D.; Kudin, K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi,
M.; Cammi, R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.;
Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
Ortiz, J. V.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;
Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.
W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
M.; Replogle, E. S.; Pople, J. AGaussian 98revision A.7; Gaussian,
Inc.: Pittsburgh, PA, 1998.

(25) Bauernschmitt, R.; Ahlrichs, R. Chem. Phys1996 104, 9047.

(26) Karadakov, P. B.; Cooper, D. L.; Gerratt,JJ.Am. Chem. Soc.
1998 120, 3975.

(27) Pauncz, RSpin EigenfunctionPlenum Press: New York, 1979.

(28) Karadakov, P. B.; Gerratt, J.; Cooper, D. L.; RaimondiJMChem.
Phys.1992 97, 7637.

(29) Kotani, M.; Amemyia, A.; Ishiguro, E.; Kimura, TTables of
Molecular Integrals Maruzen: Tokyo, 1963.

(30) Rumer, GGattinger Nachr.1932 3, 337.

(31) Karadakov, P. B.; Gerratt, J.; Cooper, D. L.; Raimondi,TWeor.
Chim. Actal995 90, 51.

(32) Chirgwin, B. H.; Coulson, C. AProc. R. Soc. London, Ser.1850
201, 196.

(33) Gallup, G. A.; Norbeck, J. MChem. Phys. Lettl973 21, 495.

(34) Oliva, J. M.; Gerratt, J.; Cooper, D. L.; Karadakov, P. B.; Raimondi,
M. J. Chem. Phys1997 106, 3663.

(35) Wright, S. C.; Cooper, D. L.; Gerratt, J.; Raimondi, 34.Chem.
Soc. Chem. Commu989 1489. Wright, S. C.; Cooper, D. L.; Gerratt,
J.; Raimondi, M.J. Phys. Cheml992 96, 7943. Raos, G.; McNicholas, S.
J.; Gerratt, J.; Cooper, D. L.; Karadakov, P. B.Phys. Chem. B997,
101, 6688.

(36) Karadakov, P. B.; Gerratt, J.; Raos, G.; Cooper, D. L.; Raimondi,
M. J. Am. Chem. S0d.994 116, 2075.

(37) Schaftenaar, GUOLDEN (A Pre- and Postprocessing Program
of Molecular and Electronic Structure)CAOS/CAMM Center: The
Netherlands.



